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ABSTRACT

We describe the tecbrlquas used iI~calibrating a mnochromator/spectrometer

system for gas-phase photoelectron angular distribution and branching ratio

measurements. We report a self-consietant set of vmlws for the Ne 2p, Ar 3p,

~.r4P3/2 and 4P1/2~ ●nd fi 5p3/2 and %311z photoelectron -y-try parameter

and for the Kr 4p312:4p112 ●nd Xe 5p3,2:5p112 branching ratio- for the energy

re~ions from threshold to approximately 15 eV.
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1. Introduction

The measurement of wavelength depende~t

angular distribucione, branching ratioa, and

photoelectron

partial cross

aectione ie one of the important applications of synchrotrons

radiation In atomic and mlecular DhySiC!3. In combination with

theoretical studies, photoelectron meamrements reveal the

structural ●nd d~amical factors which underlie photolonization

processes. For example, the tunable continuum property of

nynchrotron radiation hae allowed the study of resonant processes

such ae those due to shape resonances and autoiGnization [1].

Quantitative photoelectron maaltre~nts using synchrotrons

radiation require knowledge of the wavelength dependent intensity

●nd polarization of the light beam and of the transmission of the

●lectron analyzer(s) ●s a function of photoelectron kinetic

●nergy and ejection angle. Eere w describe the techniques usad

in callbracing a monochromator/electrometer system for

measurements of photoelectron angular distributions and branching

ratios. The apectrometar [2] was ● second-generation fnatrumemt

daaigned for high resolution molecular mtudioa. The

monochromator [3] wee the high throughput, 2 m, normal incidence

Instrument locatad at the Synchrotrons Ultraviolet Radiation

Facility.

Ne, Ar, Kr, ●nd Xe were used for calibration studies,

because their ●ngular ●symmetry paramatars, B’s [4-10], and total

crooe sections [6,7,11] ma known fairly well. As diacuceed

fully below, COM diocrapmcieo occurr~d ●t certain ●n~rgiee in

the calibration resulto basad on tha differant rara gao

standards. Our ●pproach was to darive sp~ctrometar calibration
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funccions which were mst consistent among all of the rare gas

data. We present here the resulting self% onsiatent set of S’S

for the Ne 2p, & 3p, * *3/2 an< 4PI/2s and ~ 5P3/2 and

5pl/2 eubshells and of the branching ratios Kr 4P3/2:4pl/2

and & 5p3/2:5Pl;z*

2. Light beam calibration

The monochromator [3] was used with an osmium coated folding

mfrror and a 2400 l/mm osmium coated grating blazed for 500A in

firec order. Tungsten photodiodes were used to monitor the

intensity of the light beam. With the prasent ~ating, the

maxiwm l]ght intensity occurred near 20 eV, and the intensity

fell to below 10% of maximum for hv > 30 eV. However, it wee

possible to record photoelectron dat. ●bove 30 eV with Ligh beam

cl~rronteand long collect.tontimes. The elactron epectro~ter

was used to observe photoelectron produced by eacond-rder light

and to tharaby determine that the second~rder likht intensity

warnnegligible for thim grating. Hcwaver there appeared to be ●

acat~nrd light componant which causmd difficulty ir.determining

the tiranamirns!onfunctions of the electton ●nalyzcrm. This point

is dlacunaed further below.

Although synchrotronsradiation la ●l”’Opticallypolarizad, it

has been shown [12] thaL thm form of tha photoalmctron •n~ulkr

distribution if the ●alm ●o that L’orpartially lin,a:l) polariued

light. Ther@fora it haa becoma common to daacriba the photon

beam ●s having a degree of polarization

P “ (Ix - xy)/(q + $?),

whera Ix ●nd $ ara the tn~ansitims, rasptcLivaly, of the

major ●nd minor componant~ of linaar polarisation. Tho
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polarizat~on p was measured using triple-reflectionanalyzers and

found to be typically 70 - 75 % over the energy range hv - 12 -

33 eV. The ~asured values of p are cloee Co those =lculaced

for the Inherent polarization of the synchrotronslight in this

●nergy range, confirming that the normal incidence

from the beam lime optics did not greatly modify p.

IK is worth noting that Schmidt and coworkers

reflections

[5,13] have

retained the point of view of an elliptically polarized light

beam and have treasured for their beam line a tilt of the

polarization ●nip”: with respect to the synchrotronsorbit. In

the preeent work we have assumed that the polarization ellipse

remains parallel to the synchrotronsorbit, which seems reasonable

coneiderlng the simple geometry of our beam line optics.

3. Electron spectrometer calibration

The spectrometer [2] contains two 10.2 cm mean-radius

hemispherical electron analyzers which &repositioned to detect

photoelectrons ejerted in a plar~ewhich is perpendicular to the

propagation direction of the light beam. Wlch this geometry the

differential croee section appropriate for electric dipole

photoionizntion of uandomly oriented (typical gas phase) targets

can be expressed au

rdu/dn = (u/4n) [1 +(’B/4)(1 + 3P coo Ze)]

where,

u - totkl (angla-intagra~ti+lcross oec~ion,

B- photo~lectron asymmetry parameter,

p = degree of polarizstiol,of light bsmm, ●d

O - photoalectcou ejection angle wi~h raspact to the major

polarization QX1O of the light beam.
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One of the analyzers ia fixed to detect photoelectrons

ejected at a = 0° while the other analyzer is rotatable over the

range 6 = 0° - 90°. However in the present set of =asuremnts

the rotatable analyzer was also held at a fixed angle of 0 =

90°. Apertures of 1.5 cmadiameter were used on the entrance and

exit lenses, yialding an angular resolution of 4“. For the rare

gas measurements reported here the electron analyzers were

operated at 10 eV pass energy for which the intrinsic resolution

of the electron analyzers was measured to be 90 - 100 rmV. The

overall energy resolution wae given by the spectrometer

resolution convoluted with the photon bandwidth, which was 2.2 A

FWHM (Full Width at Half Maximum) for the present data.

Studios were made to check for pressure dependent effects

which can urise due to photoelectron scattering from the emaple

ga@a8. We observed, Sor example, preseure+epe,tdent angular

distributions in Kr and M at kinetic energies where those gases

have strong maxima in their electron acatterlng crose sections

[14]. To ●void these effects, the photoelectron intensity in

each enalyzer vaa masured aa a function of praasure for ●ach

●ampla gas at or naar the mximum of the scattering croee cection

[14]. From such ~aauramante ● prmosure range was determined

ovar which tha angular distribution results ● re free of

Siqnificnnc acatcaring ●ffecte. 0 and branching ratio

measurements were typically obtained with ● background preesure

of 1 x 10-3 torr in the spectrometer chambgr.

Tha Ar 3p nubshell was uoed for the primary calibration

●tandard. A typical calibration data set consisted of the 0° mnd

90° photoalqctron spectra of #r 3P recordad over ● range of
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kinetic energies. Using literature values for the Ar 3p B’S

[7-9] and cross section [11] along with the measured relative

Intewity and polarization of the light beam, the data were

reduced to obtain the relacfve tranemfssiona of the 0° and 90°

analyzers as a function of kinetic energy.

programs was developed to automate the data

so that the stability of the system could be

A set of computer

reduccion procedure

checked quickly and

frequently. Based on regular calibration Nns with Ar 3p, the

relative transmissions of the analyzers were found to be stable

over a period of several months. Nring this time, ~asuremencs

were made on the other rare gases and on wlecular sauples. The

transmission functions of the electron analyzers were

incorporated in the fitting procedure for new datu which correctb

the raw spectra and derives

racioe.

4. Results for che rara gases

Note that to determine

aced to know only thm ratio

asymmetry parameters and branching

6’s wiCh the present technique we

of t’e transmissions (the “angular

ratio”) of the 0° and 90” analyzars as a funccion of kinetic

energy, in addition to the polarizecion p. In turn, the

calibrated angular ratlc dopendo only on che values of B assumed

to be corract for the callbratian gae, along with p. However,

tha branching ratio re~ulcs depend on the -ariacion ‘f

tha analyzer tranemisaio,m with kinetic anargy. Calibration for

*:habranching ratio rnsults charefora requiras knowledge of the

relative intensity of the first-order compmanl: of the light beam

and of the total cross section for the calibration gae. First we

diacuse rasultm for the rara gae 0’s and then diecllss tha
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.. .

Based on

with previous

rare gases for

discrepancies

attributed to

the Ar 3p calibration, we obtained good agreement

masureuents and theory

kinetic energies in the

occurred for energies

two factors: (1)

structure in Ar, Kr, and Xe, and (2)

for the B’S of the other

range O - 10 eV. However,

above 1.0 eV. This was

u~reaolved autoionlzation

the rare gas 13’sare less

well knowo for energies!above 10 ●V. The photoabsorption spectra

of the rare gases all display prominent Rydberg series aeaociated

with the thresholds fo: ionization of the valence s~rbftals es

well as duublyaxcited resonant states [15-17]. It is known that

these states aucoionize, resulting in strong, resonant variatj.on

of the B’S and branching ratios for the valence parbitals [18].

Thus, we cculd infer that, for example, in the kinetic energy

region just above 10 ●V, our original angular ratio calibration

was in error due CO autoionizatlon ●ffects on the Ar 3p e~s.

Kaepiug in mind which energy regions for each rare gss were

susceptible t.o autoionization effects, we then determined a

modified angular ratio calibration based on an optimum tit to all

of the rare gas eta. The optimized calibration ratio was then

applied to all of the raw data to generate a self%onsietant set

of E’s for the cars gas standards.

The

very good

in F.gs.

resultlng 6’s are plotted in Figs. 1 - 4. We obtain

agreement with earlier measurements. The hatched areas

2- 4 denote the energy regions of the prominent e + p

autoionizing

regions the

results for

resonances in Ar, X.r, and Xa, In thoaa energy

-asured B’O show deviation frcm the theoretical

which autoioniza~ion eflecta wmre not explicitly
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Included. A new result of our data is that for Ns 2p we observe

a minimum in B near threshold as had been predicted theoretically

by lGmnedy and Manson [6].

The Kr 4P3/2:4Pl/2 and Xe 5P3/2:5PI/2 branching

ratios also originally displayed deviations at higher kinetic
Lma&d;+;.~

●nergies from previous measurements and theory.
A

The ap~arent

transmissions of the electron analyzers fell off with increasing

energy more rapidly then expected, based on theoretical

considerations and previous experience with analyzers of this

type. These discrepancies were attributed to lack of knowledge

of the relative Inteneity of the first-rder light beam,

resulting from a scattered light component and use of a tungsten

wire tish photodiode which had not been directly calibrated.

Consequently, we modified the energy variation of the analyzer

transmissions to best fit previously measured and calculated

branching ratios for Kr and Xe. The results are plotted in Fig.

5. We obtain good agreement with earlier ~asurements and

theory. Note that we observe some sharp variation of the Xe

branching ratio in the energy region of the o + p autoionizing

resonances [17,18].

In summary, we have described our techniques in performing

quantitative photoelectron ❑easurements using synchrotrons

radiation. We have based the calibration of our apparatus on p’s

and branching ratios for the rare gaeea and have presented a

self-consistent set of values for those standarda. We believe

these results give a measure of confidence in our results for

molecular gases reported elsewhere.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig, 4.

Photoelectron asy~etry parameter for the

Filled circles: pre9ent measurements;

Ne 2p subshell.

open circles:

measurements from Ref. [5]; X’9: measurements from Ref.

[4]; dashed line: HP (dipole-length form) calculation

from Ref. [6]; solid line: RRPA calculation from Ref.

[7].

Photoelectron asymmetry parameter for the Ar 3p subshell.

Filled circles: present measurements; open circles:

❑easurements from Ref. [8] (2:1 weighted average of Ar

3p3/~ and 3pi/2 results);Xts: measurements from

Ref. [9];solid line: RRPA

Y-e hatched area denotes the

autoicnizing Resonances (see

calculation from Raf. [7].

energy region of Ar 3s + np

Ref. [161).

Photoelectron asymmetry parameters for the Kr 4p3/2 and

4PJ/2 subshclls. Filled circles: present

mt:a9urementF; open circles: measurements from Raft [8];

~olid lines: RRPA calculations from Ref. g7]. The

hatched area denotes the energy region of Kr 4s + np
autoiontzing resonances (see Ref. [17]).

FhotoelectEon asymmetry parameters for the Xe 5p3/2 and

5pl/2 subshells. Filled Circles: present

measurement ;

solid lines:

hatched area

autolonizing raaonances

Fig, 5. The photoiontzation

open circles: measurements from Ref [8];

RRPA calculations from Ref. [7]. The

denotes the energy region of Xe 5s + np

nnrl Xe 5P3/2:5PI/2s

(see Ref. [17]).

branching ratios K 4P3/2:f’~I;&

Filled clrcloa: present
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msasurements; open circles: ~asurements from Ref. [19];

x’s: measurements from Ref. [10]; triangle9:

measurements from Ref. [20]; dotted lines: measurements

from Ref. [21]; solid lines: RRPA calculation from Ref.

[7]; dashed line: DF calculation from Ref. 122]. The

hatched areas denote the energy regions of the Kr 4.9+ np

and the Xe 5s + np autoionizing resonances (see Ref.

[17]).
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